This work describes the kinetic mechanism of coupled molecular energy transfer and chemical reactions in low-temperature air, H 2 -air and hydrocarbon-air plasmas sustained by nanosecond pulse discharges (single-pulse or repetitive pulse burst). The model incorporates electron impact processes, statespecific N 2 vibrational energy transfer, reactions of excited electronic species of N 2 , O 2 , N and O, and 'conventional' chemical reactions (Konnov mechanism) . Effects of diffusion and conduction heat transfer, energy coupled to the cathode layer and gasdynamic compression/expansion are incorporated as quasi-zero-dimensional corrections. The model is exercised using a combination of freeware (Bolsig+) and commercial software (ChemKin-Pro). The model predictions are validated using time-resolved measurements of temperature and N 2 vibrational level populations in nanosecond pulse discharges in air in plane-to-plane and sphere-to-sphere geometry; temperature and OH number density after nanosecond pulse burst discharges in lean H 2 -air, CH 4 -air and C 2 H 4 -air mixtures; and temperature after the nanosecond pulse discharge burst during plasma-assisted ignition of lean H 2 -mixtures, showing good agreement with the data. The model predictions for OH number density in lean C 3 H 8 -air mixtures differ from the experimental results, over-predicting its absolute value and failing to predict transient OH rise and decay after the discharge burst. The agreement with the data for C 3 H 8 -air is improved
Introduction
Over the last several years, significant progress has been made in obtaining quantitative insight into kinetic processes of plasma-assisted fuel oxidation, reforming and ignition by lowtemperature plasmas (e.g. [1] and references therein). Although much is still left to be learned on rates and product distributions of reactions of hydrogen and hydrocarbon molecules with plasma electrons and excited molecules and atoms, the amount of experimental data accumulated in nanosecond pulse discharges in air, hydrogen-air and small hydrocarbon-air mixtures, as well as significant depth of knowledge in kinetic modelling of non-equilibrium air plasmas (e.g. [2] ), are making possible development of a kinetic mechanism of low-temperature plasmainduced combustion, with reasonable predictive capability. This mechanism needs to be validated using experimental data, such as temperature, vibrational levels populations, number densities of excited electronic states of atoms and molecules, radical species number densities, ignition temperature and ignition delay time taken in fuel-air mixtures excited by non-equilibrium plasmas, at well characterized conditions.
The main objective of this work is to summarize development of such a kinetic mechanism, incorporating molecular energy transfer, plasma chemical reactions of excited species and conventional chemical reactions in low-temperature fuel-air plasmas sustained by single-pulse and repetitively pulsed nanosecond pulse discharges. Development of this mechanism has been made possible by measurements of time-resolved temperature, N 2 vibrational temperature, N 2 vibrational level populations, absolute number densities of key atomic and radical species, N, O, NO and OH, and ignition temperature in plane-to-plane and point-to-point nanosecond pulse discharges in air, H 2 -air and hydrocarbon-air mixtures [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . The present kinetic mechanism is intended as a starting point for its further development and validation, and expanding the range of its applicability, as additional experimental results become available. Specifically, improvement of the mechanism would benefit considerably from measurements of number densities of key intermediate species, primarily products of hydrocarbon dissociation reactions by electron impact and by reactive quenching of excited electronic states of nitrogen and oxygen. One of the goals of this work is making the kinetic mechanism available and straightforward to use, such that it can be exercised by a wide range of researchers in the field, without having to develop their own kinetic modelling codes.
Kinetic model
The kinetic model used in this work incorporates non-equilibrium air energy transfer and plasma chemistry processes listed in table 1, expanded to include hydrogen and hydrocarbons dissociation by electron impact and by reactive quenching of excited species of nitrogen and oxygen, listed in table 2. The list of air and fuel-air plasma processes in tables 1 and 2 has been updated compared with our previous publications [3] [4] [5] [6] [7] [8] , primarily to account for N 2 vibrational energy transfer in high specific energy loading nanosecond pulse discharges [9] [10] [11] [12] , reactions of excited metastable atoms, N( 2 P, 2 D) and O( 1 D, 1 S), and to incorporate the effect of multiple excited electronic states of nitrogen, N 
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1 D) + N 2 O → NO + NO 7.2 × 10 −11
1 D) + N 2 → O + N 2 1.8 × 10 −11
. [11] . [11] . [11] . 
1 S) + O → O( 1 D) + O 5.0 × 10 −11
1 S) + O 2 (a 1 ) → O( 1 D) + O 2 (b 1 Σ) 3 . 6 × 10 −11
1 S) + O 2 (a 1 ) → O + O + O 3 . 4 × 10 −11
. a Calculated by Bolsig+ using cross sections from LXcat database [14] .
. c Sum of cross sections for electronic excitation above 13 eV.
product distributions of hydrocarbon dissociation by electron impact and during quenching of electronically excited N 2 molecules and O atoms has not been studied in detail, although some experimental results are available [24, 30, 31] , and therefore remains fairly uncertain. Further experimental studies of different dissociation channels in these reactions may well reduce the uncertainty in the kinetic modelling predictions and are therefore highly desirable. The model [12, 29] . also incorporates dominant ionization, recombination, electron attachment and detachment, and ion conversion processes which control electron density in the plasma. At the experimental conditions considered in this work, plasma chemistry is controlled primarily by neutral species reactions. The fuel-air plasma chemistry model is coupled with a 'conventional' hydrocarbon-air chemistry mechanism developed by Konnov [32] , which in this work has also been used as the hydrogen-air mechanism. Since this mechanism has been developed and validated for relatively high temperatures, typically significantly higher than in the present experiments, assessing its applicability at the present low-temperature conditions is one of the objectives of this work.
The kinetic model is used in the following way. First, a two-term expansion Boltzmann equation solver (Bolsig+ [14] ) is exercised for the gas mixture of choice, over a wide range of reduced electric fields, typically from E/N = 1 − 1000 Td (1 Td = 10 −17 V cm 2 ). The accuracy of the two-term expansion solution has been discussed in our previous work [33] , where the Townsend ionization coefficient for nitrogen predicted by Bolsig+ was compared with the experimental data up to E/N = 3000 Td. The results showed that the predicted value is in excellent agreement with the data up to E/N = 1000 Td and is about 20% higher than the experimental value at E/N = 1500 Td. Since at the present conditions peak E/N in the plasma does not exceed E/N ∼ 700 Td [34] , electron impact rate coefficients calculated using the two-term expansion remain accurate. The effect of electron-electron collisions, which may well be important in high specific energy loading nanosecond pulse discharges [11] , may also be incorporated in these calculations, based on the estimated peak electron density in the discharge.
Rate coefficients of inelastic electron impact collision processes versus average electron energy, calculated by Bolsig+, as well as electron energy loss factors in these processes, are post-processed to convert them to ChemKin format and incorporated into ChemKin reaction data input files, as functions of electron temperature. Obviously, this 'variable' part of the reaction data file needs to be updated applying the post-processor routine to Bolsig+ output, if the initial mixture composition/equivalence ratio is changed. The 'permanent' part of the reaction data file includes air plasma and fuel-air plasma processes, listed in tables 1 and 2, including state-specific, single-quantum rate coefficients for vibrational-translational (V-T) and vibrational-vibrational (V-V) energy transfer processes, primarily V-V exchange for N 2 -N 2 and V-T relaxation of N 2 by O atoms, H 2 and hydrocarbons. Finally, the list of plasma chemistry energy transfer processes/reactions is followed by the conventional chemistry reaction mechanism.
Most reaction rate coefficients in the reaction data file are given in the Arrhenius form, in terms of electron temperature (for electron impact processes) or gas temperature (for reactions among excited species, ion-molecule reactions and conventional chemistry reactions). The V-T and V-V rates are incorporated using non-Arrhenius expressions versus temperature and vibrational quantum number [12] . Since ChemKin-Pro allows the use of different units for different reaction subsets within the same reaction data input file, combining plasma chemistry processes, listed in tables 1 and 2, with different combustion chemistry mechanisms is straightforward. To account for energy storage in vibrationally and electronically excited states of N 2 , O 2 , N and O, and to maintain detailed balance in V-T and V-V energy transfer processes, formation enthalpy of excited species is corrected by their excitation energy in ChemKin thermochemical data input file.
Subsequently, one of the ChemKin-Pro plasma models (Plasma Perfectly Stirred Reactor, PPSR, or Plasma Closed Reactor, PCR) is exercised for the given operating conditions. Both these models include electron energy equations and heavy species energy equations (predicting electron temperature and gas temperature, respectively), as well as a set of equations for species mole fractions. Input parameters include initial mixture composition, temperature, pressure and volume, and experimental power waveform coupled to the plasma. Specifying timedependent coupled power waveform as well as rate coefficients and electron energy loss factors in inelastic electron-neutral collisions (predicted by the Bolzmann equation solver as functions of electron temperature) is sufficient to predict time-dependent electron temperature and gas temperature in the plasma during the discharge. This approach also makes possible incorporating essential non-zero-dimensional effects, such as plasma self-shielding that limits the electric field in the plasma in nanosecond pulse dielectric barrier discharges, into the present quasi-zerodimensional model. For example, as plasma self-shielding controls power coupled to the plasma in a plane-to-plane, nanosecond pulse barrier discharge during breakdown [34, 35] , using the experimental coupled power waveform as a model input incorporates this effect implicitly. Effective diffusion/convection time ('residence time' in PPSR model) or effective heat transfer coefficient (in PPSR or PCR models), estimated from the experimental operating conditions, can also be specified if necessary. The stiff ordinary differential equation solver used by ChemKin is very effective for modelling long bursts of short-duration discharge pulses (up to at least approx. 100 pulses) without 'missing' the pulses, even at very low duty cycles (approx. 1/1000-1/10 000). The present zero-dimensional approach appears to be the only feasible option for modelling such long pulse burst discharges that does not require massive computational resources.
The use of the present approach for modelling pulsed discharges between bare metal electrodes, e.g. in pin-to-pin or in sphere-to-sphere geometries [9, 10, 12, 13] , requires caution. In this case, in addition to the obvious correction for radial diffusion/heat conduction across the discharge filament, with the characteristic time of τ diff ∼ (r/2.4) 2 /D, where r is the discharge filament diameter and D is the diffusion coefficient, discharge power coupled to the cathode layer also needs to be accounted for and subtracted from the total coupled discharge power. In short pulse duration, high-pressure, high peak current discharges, reduced current density, j/P 2 ∼ 0.1-0.2 A cm −2 Torr 2 [9, 12, 13] , is much higher compared with the normal current density in DC glow discharges, j n /P 2 ∼ 0.1-0.5 mA cm −2 Torr 2 [36] . For this reason, cathode voltage fall, estimated from a simple cathode layer theory [36] , U c ∼ 1-2 kV, also exceeds considerably its normal value in DC glow discharges, U cn ∼ 200-400 V, by up to at least a factor of approximately 5. At these conditions, a considerable fraction of the discharge power coupled to the plasma after breakdown, exceeding approximately 50% [11] , is dissipated in the cathode layer, such that specific energy loading per molecule in the rest of the discharge is significantly lower. In the present model, this effect is taken into account by using parametric dependence of time-dependent cathode voltage fall, U c , versus discharge current density, j c , as follows [36] :
and subtracting the power coupled to the cathode layer from the total discharge power waveform. In equation (2.1), d is the cathode layer thickness, P is pressure, μ + ≈ 1.2 (760/P[Torr]) cm 2 V −1 s is the estimated ion mobility at E/P ≈ 100 V cm −1 Torr [37] , γ ≈ 0.1 is the secondary electron emission coefficient and A = 12 1 cm −1 Torr and B = 342 V cm −1 Torr are parameters in the expression for the Townsend ionization coefficient for N 2 , α/P = A · exp[−B/(E/P)] [36] . Ignoring this major effect would result in significant overestimation of specific energy loading in the discharge, by up to a factor of approximately 2-3. Finally, rapid heating occurring in pulsed discharges at high specific energy loadings [38] [39] [40] , caused primarily by quenching of excited electronic states of nitrogen [12, 38] on the shorter time scale compared with the acoustic time scale, 1/ν quench τ acoust ∼ r/a, where ν quench is the quenching frequency and a is the speed of sound, may result in significant pressure overshoot and compression wave formation [12, 40, 41] , with subsequent pressure reduction to its initial value. It is easy to show that in radial axisymmetric geometry, time-dependent pressure on the discharge centreline can be estimated as
(2.
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The heavy species energy equation for homogeneous reactor models used by ChemKin-Pro, such as PPSR, incorporates a term representing control volume work against the surroundings. Therefore, specifying a constant volume and a time-dependent pressure waveform in a PPSR model, and using these constraints to solve coupled governing equations (energy equations, species concentration equations, mass balance equation accounts for the effect of work interaction on the temperature in the reactor. Specifically, if the pressure waveform is given by equation (2.2), which represents pressure on the filament centreline behind a radial compression/expansion wave, the model would predict dynamics of gas mixture cooling in the 'reactor' (i.e. in the discharge filament) caused by gasdynamic expansion.
Results and discussion
(a) Nanosecond pulse discharges in air Figure 1a plots experimental instantaneous discharge power and energy waveforms during a nanosecond pulse, double dielectric barrier, diffuse discharge in dry air at P = 60 Torr, T = 300 K, pulse repetition rate of 10 kHz, in plane-to-plane geometry with the discharge gap of L = 1 cm [34] . The effect of multiple pulse reflections off the load and high-voltage pulse generator is clearly evident. Positive and negative power peaks resulting in transient energy overshoots represent charging and discharging of the electrodes, acting as a plane capacitor, with the difference corresponding to the power coupled to the plasma. Figure 1a also shows the coupled energy waveform, evaluated from the difference between absolute values of the positive and negative power peaks, as illustrated in greater detail in figure 1b. It can be seen that approximately 60% of the energy is coupled by the main discharge pulse, with the rest coupled by the reflected pulses of lower amplitude. Figure 2 compares the experimental coupled power waveform with the waveform predicted by the analytic model of energy coupling in a plane nanosecond pulse discharge [34, 35] , showing good agreement. The model of [35] , which incorporated key effects of pulsed breakdown and sheath development on a nanosecond time scale, demonstrated that discharge coupled energy is proportional to the number density, such that specific energy loading per pulse remains approximately constant [34] . Incorporating energy coupled by the reflected pulses, occurring at relatively low E/N values, into the kinetic model is of considerable importance as it is loaded primarily into the vibrational energy mode of N 2 , with subsequent vibrational relaxation (mainly by O atoms in air). Figure 3 shows the results of kinetic modelling of a plane-to-plane discharge in air (N 2 vibrational temperature and gas temperature), for a burst of 100 pulses and pulse repetition rate of 10 kHz, using a fit to the experimental coupled energy waveform plotted in figure 1a. Individual discharge pulses are indicated in figure 2 . The model predictions are compared with N 2 vibrational temperature measurements by picoseconds vibrational coherent anti-Stokes Raman spectroscopy (CARS) [9] . From figure 3, it can be seen that gas heating in the repetitively pulsed discharge is less than 1 K per pulse, such that the temperature at the end of the burst is approximately T ≈ 360 K. The predicted N 2 vibrational temperature at the end of the burst reaches T v ≈ 1200 K, in good agreement with the data, T v ≈ 1300 K. The model also reproduces vibrational temperature decay after the burst, due to N 2 V-T relaxation by O atoms and diffusion. The characteristic time for diffusion used in the calculations was estimated as follows: τ diff ≈ (L/π ) 2 /D ≈ 30 ms, where D is the diffusion coefficient. Figure 4 compares experimental and predicted N 2 vibrational temperature decay after a repetitively pulsed discharge burst (50 pulses and 100 pulses at 100 kHz) in air preheated to T 0 = 500 K, at P = 100 Torr. At these conditions, accurate measurement of energy coupled to the plasma per pulse could not be done, due to corona discharge produced near the surface of exposed copper plate electrodes powered by approximately 25 kV peak voltage pulses, outside the discharge cell. Since the model predictions of N 2 vibrational temperature in room temperature air, when coupled pulse energy was measured accurately, are in good agreement with the data (figure 3), T v (N 2 ) was used as a metric to evaluate the coupled energy in preheated air. For this, the coupled power waveform shown in figure 2 was multiplied by a correction factor, chosen to match N 2 vibrational temperature at the end of the pulse burst. For the coupled energy of 1.0 mJ pulse −1 , the predicted N 2 vibrational temperature at the end of 50-pulse and 100-pulse bursts is in good agreement with the data ( figure 4) . The model also predicts the rate of N 2 vibrational temperature decay after the burst fairly well. figure 1 with the waveform predicted by the analytic model of a nanosecond pulse discharge [34, 35] . Dry air, P = 60 Torr, T = 300 K. (Online version in colour.)
Figure 5a plots voltage and current waveforms, as well as estimated voltage across the positive column in a single-pulse nanosecond discharge in dry air between two spherical copper electrodes 10 mm apart [9] . At these conditions, the discharge filament diameter (full width at half maximum of broadband plasma emission, figure 6 ) is approximately d = 1.7 mm [40] . Cathode voltage fall was estimated from equation (2.1) and subtracted from the applied voltage waveform, as shown in figure 5a. Figure 5b , which plots total discharge power and coupled energy, as well as estimated power and energy coupled to the positive column, shows that the pulse energy fraction coupled to the cathode layer exceeds 50%. This energy partition between the cathode layer and the discharge filament generated compression waves, originating both in the cathode layer (spherical shape waves) and in the filament (cylindrical shape waves) [40] . In the calculations, radial diffusion/conduction was taken into account using the characteristic diffusion time of τ diff = (r/2.4) 2 /D ≈ 1.3 ms. Figure 7 plots experimental [9, 40] and predicted time-dependent temperature and pressure during and after the discharge pulse in air, at the conditions of figures 5 and 6. The pressure was predicted using equation (2.2) , with the acoustic time of τ acoust ≈ r/a = 0.85 mm/0.45 mm µs −1 ≈ 1.9 µs. It can be seen that soon after the discharge pulse, at t ∼ τ acoust , the predicted gas temperature is T ≈ 500 K. As expected, at t τ acoust , the pressure trace follows the gas Comparison of experimental [9] and predicted N 2 vibrational temperature in dry air, initially at room temperature and P = 100 Torr, during and after a repetitively pulsed nanosecond discharge in plane-to-plane geometry (100-pulse burst, pulse repetition rate 10 kHz). Discharge pulses are indicated schematically in the plot. [8] and predicted N 2 vibrational temperature in dry air, initially at T = 500 K and P = 100 Torr, after a repetitively pulsed nanosecond discharge burst in plane-to-plane geometry (50-pulse and 100-pulse bursts, pulse repetition rate 10 kHz). (Online version in colour.)
temperature trace at nearly constant volume conditions, P(t) ≈ ρ 0 RT(t), producing a pressure overshoot of approximately 60%. For comparison, figure 7 also shows a pressure trace on the discharge centreline, predicted by a discharge model coupled with compressible Navier-Stokes equations for the same conditions [12] , showing good agreement with the present model, except for a weak rarefaction wave which follows the compression wave. Figure 8 compares experimental and predicted gas temperature and N 2 'first level' vibrational temperature, T v = ω e (1 − 2x e )/ln(n v=0 /n v=1 ), at these conditions. From figure 8 , it can be seen that the discharge produces significant vibrational non-equilibrium, T v,max ≈ 2900 K at T max ≈ 850 K, and the model predictions is in good agreement with the CARS data. The gas temperature rise on sub-acoustic time scale, t < τ acoust ∼ 2 µs, T ≈ 200 K, illustrated in greater detail in figure 7 , is primarily due to reactive quenching of N 2 excited electronic states by O 2 molecules, . ICCD camera image of a pulsed discharge in air at the conditions of figure 5 [9] . Camera gate 100 ns. (Online version in colour.)
The vibrational temperature rise at t ∼ 2-100 µs, from T v ≈ 1800 K to T v,max ≈ 3000 K is primarily due to 'downward' N 2 -N 2 V-V energy transfer between N 2 in the ground vibrational state with vibrational levels strongly overpopulated by electron impact during the discharge,
During this process, relative populations of v = 1 and v = 2 increase, that of v = 3 remains relatively flat, and populations of vibrational levels v > 3 decrease ( figure 9 ). Vibrational temperature reduction on the time scale of approximately 100-500 µs, resulting in a significant gas temperature rise, by an additional T ≈ 350 K (figure 7), is due to N 2 V-T relaxation by O atoms,
Note that in nitrogen, this additional 'slow' temperature rise is missing almost entirely [40] . Comparison of temperature predicted during and after the discharge pulse at the conditions of figures 5 and 6 with experimental data [9] , and pressure given by equation (2.2) with centreline pressure predicted by a detailed numerical model of the discharge/compressible flow [12] . Dry air, initially at room temperature, during and after a single-pulse nanosecond discharge between two spherical electrodes, P = 100 Torr. (Online version in colour.) Obviously, both 'rapid' and 'slow' temperature increase, caused by quenching of excited electronic states and vibrational relaxation of nitrogen, respectively, have significant effect on the energy balance and thus are critically important for the rates of fuel oxidation in nanosecond pulse fuel-air plasmas. The temperature eventually decreases to near room temperature on a millisecond time scale (figures 7 and 8). Figures 7-9 demonstrate that the present model correctly represents discharge energy partition between translational/rotational mode, N 2 vibrational mode and oxygen dissociation (O atoms controlling the rate of N 2 V-T relaxation) in a high specific energy loading, nanosecond pulse discharge in air. The present model also correctly predicts dynamics of the 'rapid' and 'slow' temperature rise in the afterglow. Summarizing, since in air and fuel-air plasmas a significant fraction of discharge energy is loaded into the vibrational mode of nitrogen, accurate description of N 2 vibrational excitation and relaxation is critical for predicting the rate of energy thermalization in the plasma. The present quasi-zero-dimensional model is sufficiently accurate to predict the amplitude of pressure perturbations and compression waves generated by high specific energy loading, nanosecond pulse discharges in air. Although the present model can be easily extended to incorporate vibrationally enhanced chemical reactions postulated in previous work, such as N 2 [45, 46] , in this work the effect of these reactions on plasma chemistry of air and fuel-air mixtures is not taken into account, since evidence of these reactions in nanosecond pulse discharges remains limited and indirect. In particular, our previous study of the mechanism of NO formation in nanosecond pulse discharges [11, 12] demonstrated the effect of N 2 (X 1 Σ, v) reactions at these conditions to be negligible compared with reactions of electronically excited N * 2 molecules. This does not imply that N 2 (X 1 Σ, v) molecules cannot affect air and fuel-air plasmachemical reactions in general. It may well be possible that reactions of vibrationally excited N 2 molecules in fuel-air plasmas may affect low-temperature fuel oxidation chemistry, and additional experimental studies (such as simultaneous N 2 vibrational CARS and OH LIF measurements) are needed to verify this hypothesis.
(b) Nanosecond pulse discharges in fuel-air mixtures Figure 10 shows intensified charge-coupled device (ICCD) images of plane-to-plane, double dielectric barrier discharges in air, H 2 -air (φ = 0.3), and C 2 H 4 -air (φ = 0.3) preheated to T 0 = 500 K, taken through the window in the end of a rectangular quartz channel where the plasma was sustained [8] . These images illustrate that the plasma remains diffuse and filament-free at these conditions. Figure 11 compares experimental [8] and predicted absolute OH number density and temperature measured on the discharge centreline in lean H 2 -air mixtures (equivalence ratio φ = 0.015-0.12), initially at T = 500 K and P = 100 Torr, after a repetitively pulsed nanosecond discharge (50-pulse burst, pulse repetition rate 10 kHz). In the calculations, the coupled discharge power waveform used was the one shown in figure 2, scaled to account for estimated energy loss in the corona discharge outside the test section (energy coupled to the plasma of 1.0 mJ per pulse), i.e. the same as used to predict N 2 vibrational temperature at the end of the discharge burst in air at these conditions (figure 4). The effective wall heat transfer coefficient to the test section walls was evaluated as a quasi-zero-dimensional correction, from the characteristic time for conduction 10.00 Figure 11 . Comparison of experimental [8] and predicted OH number density and temperature in H 2 -air mixtures, initially at T = 500 K and P = 100 Torr, after a repetitively pulsed nanosecond discharge burst in plane-to-plane geometry (50-pulse burst, pulse repetition rate 10 kHz). (Online version in colour.)
heat transfer in rectangular geometry
The difference between the present results and our previous modelling calculations [8] is mainly due to taking into account that a considerable fraction of coupled discharge energy is loaded into N 2 vibrational energy mode (about 40% at these conditions [34] ), which results in significant reduction of molecular dissociation by electron impact. From figure 11 , it can be seen that gas temperature rise during the discharge burst is in agreement with temperature measurements (by OH LIF thermometry). At φ = 0.06 and φ = 0.12, the model also correctly reproduces absolute OH number density at the end of the burst, as well as the rate of OH decay after the burst. In very lean mixtures, at φ = 0.015 and φ = 0.03, absolute OH number density is underpredicted, by up to a factor of 2. [8] and predicted OH number density and temperature in CH 4 -air mixtures, initially at T = 500 K and P = 100 Torr, after a repetitively pulsed nanosecond discharge burst in plane-to-plane geometry (50-pulse burst, pulse repetition rate 10 kHz). [8] and predicted OH number density and temperature in C 2 H 4 -air mixtures, initially at T = 500 K and P = 100 Torr, after a repetitively pulsed nanosecond discharge burst in plane-to-plane geometry (50-pulse burst, pulse repetition rate 10 kHz). (Online version in colour.)
Figures 12-14 compare experimental [8] and predicted OH number densities and temperature in lean hydrocarbon-air mixtures (methane, ethylene and propane, φ = 0.03-0.36) at the conditions of figure 11 (gas mixtures initially at T = 500 K and P = 100 Torr, after a 50-pulse, 10 kHz nanosecond discharge burst in plane-to-plane geometry). The coupled discharge power waveform used in these calculations was the same as for air and H 2 -air. Figure 12 illustrates that the model matches absolute OH number density at the end of the burst and OH decay rate after the burst fairly well, although it does not reproduce the trend for OH reduction as the equivalence ratio is increased (especially evident at φ = 0.24, figure 11 ). In ethylene-air, the agreement between experimental time-resolved OH number density and the model predictions is very good in the entire range of equivalence ratios (φ = 0.05-0.36). Since at these conditions Figure 14 . Comparison of experimental [8] and predicted OH number density and temperature in C 3 H 8 -air mixtures, initially at T = 500 K and P = 100 Torr, after a repetitively pulsed nanosecond discharge burst in plane-to-plane geometry (50-pulse burst, pulse repetition rate 10 kHz), using the Konnov reaction mechanism. (Online version in colour.) the characteristic time for decay of electronically excited states of N 2 and O is very short (approx. 1 µs), and N 2 vibrational excitation is very low (below detection limit of picoseconds CARS measurements of T v ≈ 500 K [8] ), this level of agreement demonstrates that the Konnov mechanism accurately describes dominant reactions of OH formation and decay in C 2 H 4 -air mixtures at these conditions. However, the same mechanism clearly becomes inadequate in C 3 H 8 -air mixtures (φ = 0.04-0.32), where it fails to represent rapid transient OH rise and decay after the burst, also overpredicting absolute OH number density by more than a factor of 2 ( figure 14) . The discrepancy between the experimental data and the model predictions for C 3 H 8 -air mixtures is due to thermal reactions of OH formation and decay among the radicals generated in the plasma (primarily O and H atoms) and the fuel, rather than due to plasmachemical reactions among the excited species. Modelling calculations using a different hydrocarbon chemistry mechanism, the Lawrence Livermore National Laboratory (LLNL) mechanism for methane-n-butane flames [47] show significantly better agreement with the data, reproducing the trend for significant OH overshoot after the discharge burst, although absolute [OH] is still overpredicted ( figure 15) . The difference between the data and the kinetic modelling predictions illustrates the need for further time-resolved radical species and stable product species concentration measurements in propane-inert gas diluent and propane-air mixtures excited by low-temperature plasmas.
Finally, figure 16 compares time-resolved temperature measured by picoseconds CARS after bursts of nanosecond pulse discharge (50-120 pulses, pulse repetition rate 10 kHz, plane-toplane geometry) in a lean H 2 -air mixture (equivalence ratio φ = 0.4), initially at T = 500 K and P = 100 Torr [8] , with kinetic modelling predictions. Since at these conditions gas temperature variation during the discharge burst (5-12 ms long) and after the burst (on the time scale from 1 to 20 ms) is strongly affected by heat transfer to the walls of the discharge cell (maintained at a constant temperature of T = 500 K), comparison of experimental and predicted ignition delay time cannot be used for validation of reaction kinetics mechanism. However, these experimental results, in particular absence of presence of ignition, are extremely sensitive to the temperature in the plasma at the end of the discharge burst, T f . The data exhibit wellreproducible threshold behaviour, such that when burst duration is reduced by a single pulse, ignition is no longer detected [7] , which makes them suitable for accurate measurements of threshold ignition temperature. The results shown in figure 16 illustrate that ignition after the nanosecond pulse discharge burst occurs above the threshold temperature of approximately T f ≈ 700 K, in good agreement with kinetic modelling predictions. Without the plasmachemical Figure 15 . Comparison of experimental [8] and predicted OH number density and temperature in C 3 H 8 -air mixtures, initially at T = 500 K and P = 100 Torr, after a repetitively pulsed nanosecond discharge burst in plane-to-plane geometry (50-pulse burst, pulse repetition rate 10 kHz), using LLNL propane/n-butane reaction mechanism. The results are shown on the same scale as in figure 14 . (Online version in colour.) Figure 16 . Comparison of experimental [8] and predicted temperature during ignition of a lean H 2 -air mixture (equivalence ratio φ = 0.4), initially at T = 500 K and P = 100 Torr, after repetitively pulsed nanosecond discharge bursts in plane-to-plane geometry (50-120 pulses, pulse repetition rate 10 kHz). (Online version in colour.) processes occurring in the discharge, i.e. when the entire energy coupled to the gas goes to heat, ignition occurs at T f ≈ 900 K [6] , illustrating that reactions of radicals generated in the plasma result in ignition temperature reduction by approximately T ≈ 200 K, again in good agreement with the predictions of the present model. vibrational energy transfer, reactions of excited electronic species of N 2 , O 2 , N and O, and thermal chemical reactions. The effects of diffusion and conduction heat transfer, energy coupled to the cathode layer of the discharge, and transient gasdynamic compression/expansion are incorporated as quasi-zero-dimensional corrections. The model is exercised using a combination of readily available freeware (Bolsig+) to predict rates of electron impact excitation, dissociation and ionization processes and widely available commercial software (ChemKin-Pro) to predict species concentrations and temperature evolution in the plasma sustained by nanosecond pulse discharges and in the afterglow. The model predictions are validated using measurements of time-resolved temperature, N 2 vibrational temperature and N 2 vibrational level populations in nanosecond pulse discharges in air in plane-to-plane and sphere-to-sphere geometry; timeresolved temperature and absolute OH number density measurements after nanosecond pulse burst discharges in lean, low-temperature H 2 -air, CH 4 -air, C 2 H 4 -air, and C 3 H 8 -air mixtures; and time-resolved temperature measurements after the nanosecond pulse discharge burst during plasma-assisted ignition of lean H 2 -mixtures.
Summary
The model correctly predicts discharge energy partition between N 2 vibrational excitation, N 2 electronic excitation, O 2 dissociation and gas heating in air, illustrating the importance of quenching of N 2 excited electronic states and N 2 vibrational relaxation on the rate of energy thermalization in nanosecond pulse discharge plasmas. The model also predicts timeresolved, absolute OH number density in lean H 2 -air, CH 4 -air and C 2 H 4 -air mixtures excited by a nanosecond pulse discharge burst at low temperatures (T 0 = 500 K). However, the model predictions for OH number density in lean C 3 H 8 -air mixtures differ significantly from the experimental results, overpredicting its absolute value and failing to predict rapid transient OH rise and decay after the discharge burst. The agreement between the experimental data and the modelling predictions (specifically, OH overshoot predicted after the discharge burst) improved considerably when a different conventional hydrocarbon chemistry mechanism (LLNL mechanism for methane-n-butane flames [47] ) was used. The contrast between excellent agreement obtained for C 2 H 4 -air and relative agreement for C 3 H 8 -air demonstrates that 'conventional' chemical kinetics of OH formation and decay in low-temperature propane-air mixtures is not adequately reproduced by existing hydrocarbon reaction mechanisms. Finally, the model correctly reproduces the reduction of threshold ignition temperature in a lean H 2 -air mixture, initially at a low temperature, excited by a nanosecond pulse discharge burst, caused by plasmachemical reactions of radicals generated in the plasma.
The results of energy transfer/plasma chemical reaction mechanism validation demonstrate its applicability for analysis of plasma chemical oxidation and ignition of low-temperature hydrogen-air, methane-air and ethylene-air mixtures, using nanosecond pulse discharges. Kinetic modelling of low-temperature plasma excited propane-air mixtures requires the use of a more accurate 'conventional' reaction chemistry mechanism. The use of the kinetic mechanism described in this work is quite straightforward. The reaction data and thermochemical data input files are available from the authors upon request.
The present results do not imply that the kinetic mechanism used in this work is capable of predicting every feature of plasmachemical fuel oxidation and ignition over a wide range of conditions, specifically for hydrocarbons. Rather, the present kinetic mechanism is intended as a starting point for its further development and validation, as additional experimental results become available. In particular, significant uncertainty in product distribution of hydrocarbon species dissociation by electron impact and during reactive quenching of electronically excited species may well result in inaccurate prediction of number densities of intermediate products in the reacting mixture, which may significantly affect the net rate of energy release during fuel oxidation [48] . Therefore, measurements of products of hydrocarbon dissociation by electron impact (e.g. in diluted hydrocarbon-inert gas mixtures) and in reactions with electronically excited nitrogen and oxygen (in diluted hydrocarbon-nitrogen and hydrocarbon-oxygen mixtures, respectively) [48] , over a wide range of temperatures and pressures, are critically important for quantitative insight into kinetics of these processes. Additional time-resolved data on key radical species number densities, such as H, OH and O, over a wide range of equivalence ratios (from fuel-lean to fuel-rich mixtures), measured prior to ignition, would considerably expand parameter space for the mechanism validation. Finally, complementing this approach by ignition delay time measurements at high-temperature conditions (above autoignition temperature), such as in fuel-air mixtures preheated behind a reflected shock in a shock tube [49, 50] may considerably improve predictive capability of the mechanism. Finally, detailed sensitivity analysis to identify reduced reaction mechanisms for individual hydrocarbons is extremely critical, since kinetic modelling of coupled nanosecond pulse discharge dynamics, energy transfer in the plasma and plasma-assisted combustion for long discharge pulse bursts requires incorporating a wide range of time scales, approximately 10 −12 -10 −2 s, which becomes very computationally intensive even for one-dimensional geometry [33, 51] and especially for two-dimensional geometries.
